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RESULTS OF LANDING TESTS OF VARIOUS AIRPLANES

By J, 4. Hootméﬁ and A, R, Jones ' _ ’ .” ) :_-:1
SUMMARY

For several years the National Advisory Committee for o C ‘
Aeronautics has been conducting an investigation of the o - T
landing charscteristics of representative afrplanes with _ L
particular reference to the problem of landing-gear deslgn. T
Aesults o0f thieg investigation, which has included air- T
planes ranging in gross welght from approximately 1000 to '
50,000 pounds and in span from 28 0 1489 feet, &re pre-
aente& Some blind landings, and also day pnd night serv-
ice landings, were included in the program. The condi~ ST
tions imposed upon an airplane during a landing, as detsr-
mined from experience with the 21 airplanes btested, and
the ground reactions produced as a result of these land- .
ing conditiong are also ountlined and dlscussed _ T T

The meximum vertical velocities attained by the air-
planes in conventional landings ranged as high as 10 feet o
per second for the lighter airplanes and diminished as ~ T
the airplane weight increased until a value 6f about 5 7 - ooere--
feet per second was esncountered with the largest airplanes. T
In blind landings, vertical velocities .as high as 13 feet s
per second were obtained. On the basis of the data for ~~ .
all the landings, a vertical velocity of 2 or 3 feet per =~ -~ . ---: =
second may be termed a "normal" conventional landing ve- i
locity for all the airplanes tested. _ ) - T

The aerocdynamic support o0f the wings at the instant ' I
of ground contaet, which ranged from 0.6 to 1,0 times the ~ =~~~ =
airplane weight, was subtracted from the total airplanse T
vertical load factor in ordér to obtain the landing-gear T
vertical load factor, The landing-geay maximum vértical T
load factors for conventional landings apnroached e value T e
of 4 for the lighter airplanes and a value of 1 ¥oFf the - e
heavier airplanes. For blind landings with two of the S T
heaviest airplanes, a landing-~geéear vertical load factor ) R
of about 2 was experienced, Based upon a consider§ti0n .
of all the landings, a landing~gear vertical loadl factor T e
of 1 may be termed normal for convenitional landings with .

all the airplanes tested. R
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As the loads produced due to a landing impact under
any given set of landing conditions depend upon the de-
gign of the shock~absorbing equipment, 1t ie suggested
that landing-gear design be directed toward the produc-
tion of equipment capable of meeting prescribed landing
conditions rather than toward capacity for carrying some
speclflied load,

INTRODUCTION

When the landing of aircraft is studled for the pur-
pose of determining proper landing-gear design, two die-
tinct subjects must be considered, The first 1ie¢ the de~
termination of the conditions to which the airplane may
bs subJected during the landing and the second is the de-
termination of the airplame loading produced as a result
of these conditions. 3Because of lack of knowledge con-
cerning landing oconditions and because data on landing
loads can be used directly, landing~gear design at pres-
ent is usually based upon loads experienced with alrplanes
similar to the one under consideration,

A prograeam of landing investigations has been con-
ducted by the NACA at the Langley Memorial Aeronautical
Laboratory, Langley Fileld, Va,, for the purpose of in-
ecreasing the_existing knowledge concerning landing ocon-
ditions and resulting loads, These investigations were
" undertaken at the request of the Army Alr Corps, the
Bureau of Aeronautics, and the Civil Aeronautics Author-
ity; they were carried out, in general, as a secondary
study upon airplanes that had been made available by
these agencies for research of a different kind. As a
result, considerable data in regard to airplane type and
size were accumulated, but the extent of each investiga-
tion was limited, for most of the airplanes, to about 16
to 20 landings éf varying severity within the pilot's
discretion. ' i

For the majority of the airplanes, the data obtained
were confined to vertical and horizontal velocity, longi-
tudinal aettitude, and pitching acocelerations as well as
acceleratione perpendicular and parallel to the thrust
axis. In a few cases more data were secured, and for one
airplane the vertical veldcity and the attitude at ocon-
tact were dstermined for some 200 landings.
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- loading conditions.
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Becausge the loading of the airplane for a given land-
ing depends congideradbly upon.the characteristics of %the

landing gear, it appears most logical to base landing-gear

design upon landing conditions. DLanding conditions were
therefore given as much attention in the investigat*on as

APPARATUS AND TESTS

The principasl characteristics pf the airplanes used
in the investigetion are shown in table I, Throughoust
this paper the number used to designate an alrplane cor-
responds to the number assigned t0 that airplane in table
I. In general, the instruments installed in the gir~
Planes for the landing tests included a two~ Or a three-
component recording scceleromester, one or two angular ve—
locity recorders, an airspeed recorder, and a timer.  In.
each case the accelerometer was mounted as near as pos-
elble to the center of gravity of the airplane .end was
usually oriented to record directly the accelerations
pargllel to the principal asirplane axes. Angular pitch-
ing and rolling accelerations were determined by egraphical
differentiation of the records of the corresponding angu-’
lar velocities. In one series of tests, two control-
position recorders were mounted on the landing. gear and
were arranged to record the position of each of the main
wheels relative to that of the fixed portions of the
struts. The timer provided %iming marks on each record
and also, by operating solenoids in all the instruments
gsimultaneously, provided a means for synchronigzing the
recordg; - : -

The attitude angles and the linear displacements of
the airplanes were determined from the records obtained
with one of the NACA recording phototheodolites set up oz
the landing field 600 to 1500 feet from the landing runway,
depending upon the size of the airplane tested. The atti-
tude angles were calcoulated from the records with the aid
of reference points on.the airplanes or of raference lines
painted on the sides of the fuselage. In most of the B
cases, alternate segments of the main wheels were painted
In contrasting colors so that the frame in the phototheo-
dolite record in which rotation of the wheels began could
easily be determined. The beginning of rotation of %the
wheels was taken as an indication of the time of the firsst
contact with the ground., Synchronization of the photothe-
odolite records with the flight instrument records was

Lo T mmee Tiortmsee e o
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effected by correlation 0f the frame in which the first
ground contact occurred with the points on the instrument
records at which sharp breaks in the record lines indi-
cated the beginning of the first impact.

Horizontal and vertical velocities of the airplane at
contact were determined vy graphlical differentiation of
time histories of the corresponding displacements, The
surface wind velocity at a leight of 6 feet above the
ground was measured by means of an integrating anemometer,
or a vane~typs wind-velocity indicator. The approximate
alirspeed of the airplane was calculated from the horizon-
tal velocity and the velocity of the surface wind,

The principal factors investigated for the various
airplanes are given in table II, For each airplane the
tests consisted of a series of landings of varying sever-
ity. TFor a majority of the airplanes an attempt was made
to achieve, in one or more landings, the highest vertical
velocity consistent with safety. The pillot's Judgment
was accepted concerning the magnitude of the vertical ve-
locity that the airplane could withstand. Variations in
the contact velocity were secured by varying the instant .
at which the landing flare (leveling off) was started and
by employing whatever power the pillot felt necessary,

In order to determine the forces developed in unsym-.
metrical impacts, one-wheel landings were made with sev~
eral of the airplanes. Tgil-first lendings were made with
a majority of the airplanes equipped with conventional-
type landing gear. One nOSe~first impsct was made, with
considerable difficulty, with one of. the airplanes.
equipped wilth tricycle landing gear.

The data for one of the airplanes, a single-place
pursuit type, airplane 13, obtained in the usual manner
from flight tests made by one of the NACA test pilote
were supplemented by a statistical study of routine serv-
ice landings of airplanes of the same design under vari-
ous conditions by Army pilots, singly and in formation,
by day, and by night with the aid of landing flares.
Similarly, the data obtained in ordinary landings of air-
pPlanes 19 and 20 were supplemented by an investigation of
the landing conditions and the resulting ground reactions
experienced in ."blind" or instrument landings of these
airplanes, The symbols, assumptions, end equastions used
in calculating the ground reactions are presented in the
appendix,
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RESULTS AWD DISCUSSION

E

The two important design considerations that exist
in any sairplane landing are the landing conditions to
wnich the airplane is subjescted and the loads resultlnr
from these conditions, Although considerastion of loads

"experienced hag been used by the majority of designers,

the load factor agchieved in anry given landing is greatly
affected by the characteristics of the landing gear and,
by equipping a glven airplane with various gear, differ-
ent load factors c¢an be obtained for the same landing
condition. For this reason, the discussion of results.
has been divided into two parts; namely, a presentation
of the landing .conditions and a corresponding presenta—
tion of the loads experienced. - -

The airplanes investigated will be considered under
the following weight classifications:

Class ~ Type of airplane .- . Weight

' (1v)
I Light _ . _
1z ' ’ Medium 3 000 to 10 000

III Heavy . , Over 10,000
OBSERVEQ LANDING COHDITIONS

Attitude.~ If the angle between the thrust sxis and
the ground plane at the instant of ground contact is con-
sidered first, the test results may be divided somewhat
roughly into four divisions, namely:

Attitude angle

(deg)
ClassI. -4 to 13.5
Classes II and III e e e e e e e e e e 4 to 16
Blind landings, c¢lass III ., . . . . . . . -4,5 %0 5
Airplanes with tricyecle landing .gear . . . -5 to 15 -

Numerical values were not obtained for the lateral
and directional attitudes encountered. Landings were
cbserved, however, during which the inelination of the
lateral axis was great enough to cause one wheel t0 ab-
sorb the complete initial shock,
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Vertical velocity.~ The maximum vertical velocity at

impact recorded for each of the airplanes tested is plot-
ted against alrplane weight in figure 1, The numbers cor-
respond to the order in which the alrplanes are listed in
table II, which also gives the number of landings for

each airplane. For most of the airplanes, attempts were
made t0 secure as high vertical velocitlies as possible,
the pilot's judgment being accepted as to whether the air-
plane could withstand further shock. Because the test
pilots did attempt to cover a large range of types of
landing and because they were all experienced the many
landings previously made by these pilots serve as a sta-
tistical background for figure 1, Landing records of some
100 day and night service landings with airplane 13, dur-
ing which the pilots were unaware that they were under ob~-
servation, did not produce any data that would affect fig-
ure 1,

The eurve ABC in figure 1 represents the vertical
velocity to be expected in a severe conventional landing.
An examination of the data for all the landings, includ-
ing such sources as pilots' and observers' notes, leads
to the conclusion that a vertical velocity of 2 or 3 fee?
per second comprised a normal conventional landing for
all the alrplanes tested.

In order to obtain a clear picture of the signifi-
cance of figure 1, what the pilot is attempting to do in
landing an airplane must be considered. Stated briefly,
his task is to achieve, if possible, zero vertical veloc-
ity at.ground contact by choosing some instant at which
to start the landing flare and then employing whatever
degree of control and power he considers necesgsary to
achieve his aim. Figure 1l indicates the maximum depar-
ture from the ideal of zero vertical velocity produced
during the landings by variations in piloting technique
or by factors beyond the pilotfs control, .

In practically all landings the pilo} flares the air-
plane more than is necessary, although occasionally land-
ings are made with insufficient flare. In the vast ma-
jority of landings, the amount of excéss flare is purely
a matter of piloting technique. The vertical veloc¢ity
that results, however, is governed by a combination of
piloting ability and airplane characteristics. If the
airplane has been leveled off at a height above the ground
up t0 as high as 10 feet, its rate of descent will depend
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upon the amount of 1ift that can be retained, and this
quantlty depends upon the wing characterigtics and the
pllot's ability to control them. Twoe important wing
characteristiocs involved are the loss O0F 1ift on %the

wings when they are stalled and the rolling or pitching
produced. .

The amount 'of 1ift maintained until the instan® of
ground contact varied for the different airplanes but,
in general, the airplanes with wings of rectangular plan
form retained considerably more 1lift than those with
tapered wings. As.s result, the pilots flared the air-
planegs of class I at a height of gbout B or 6 feet above
the ground in order to obtaln the maximum velocities of
figure 1, Velocities of similar magnitude were obtained
with several airplanes of class II by stalling only 2
feet from the ground,

The combined effect of high 1ift-~loss, rolling after
gtall, and piloting experience rroduces the decrease with
inereasing airplane weight in the envelope curve ABG of
figure 1, The airplanes in class III all had tapered
wings with high 1if% loss usually accompanied by rolling.
The experienced test pilots were aware of these facts and,
because of their increased sense of responsibility with
such large airplanes, they used power 1in landing.

Alth'ough the preceding discussion bas dealt mainly
with the type of landing in which the pilot employs more
flare than is necessary, the type with ingufficient flare
was included in the tests and was responsible for some of
the test points in figure 1. The best examples of land~
ings with insufficient flare, or none at all, are blind
landings. In the Army system of ©lind landing, no flare
is used and the attempt is made to hold a constant rate
of descent of 6 feet per second. In figure 1l it is of
interest to note that vertical velocities ¢btained in
©lind landings were very close %o 6 feet per second
greater than values obtained from the curve representing
maximur deviation from the goal of Zero vertical velocity
set for conventiOnal landings. _ o

Piteching velocity.~ The actual value of the pitching
velocity was not computed in every landing, dut a careful
inspection of the records leads to the conclusion that a
value of £0,4 radian per second is & reasonable limit for
landings with conventional-type gear.
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For the alrplanes equipped with tricycle-type land-
ing gear, difficulties were encountered in making a ncsge-
wheel-first landing with the two airplanes tested and
only one such landing was obtained, but the posesiblilities
of obtaining thie type of landing might have been in-
creased had the pilots been more familiar with tricycle
landing gear and had other airplanes, with a different
relation between lending-gear geometry and wing incidence,
been tested. For airplane 6, the maximum negative pitch-
ing velocities at the instant of ground contact were ap-~
proximately 0.8 radian per secocnd and for airplane 16,
approximately 0.6 radian per second. For one landing
with airplene 16, which had a rapld response to elevator
change, a negative pitching velocity of ~1,33 radians per
second was produced by employing special technique., The
resulting edergy of rotation of the airplane was equiva-
lent to the kinetic energy of translation of s velocity
of 10 feet per second,

| Rolling velocity.~ The rolling velocity at contact
can reach an appreciable value and should probably be
considered as contridbuting to the loads involved 1in sin-
gle main~wheel impacts., HEigh rolling veloclties were
generally developed only for airplanes subject to unsym~
metrical or wing~tip stalling.

The rolling velocities encountered were approximately
the same for convsntional landings, with both types of
landing gear, and for blind landings. " The ‘teat results
revealed a lower rolling velocity at contact ‘for the
larger alrplanes, these results confirming those of flighy
tests of flying qualities, which usually indicate more
sluggish action with the larger girplanes. On. the basis
of the data secured, single-engine .airplanes seldom ex-
ceeded & rolling velocity of 0.5 radian per second at the
instant of ground contact; an equivalent figure for two-
and four-engine airplanes was 0,3 radian per second.

Becguse of the location of the nose wheel or the
tail wheel in the plane of symmetry'bf'the ailrplane, they
are not appreciably affected by rolling during landing.
Single main-~-whesl impacts are often due, however, to
rolling immediately prior to contact, and it appears
questionable whether the increagse in energy due to roll-
ing can be neglected for landings of this type.

Lateral velocity, or side drift.- Because the land=-
ing tests were a secondary investigation, as has been
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mentioned, the lack of necessary instruments and time re-

.quired for side-load investigations resulted in few data

being obtained on the subjeet of lateral velocity, With
two of the airplanes, a few landings were made in a cross
wind of 10 miles per hour. The pilot, exercising comntrol
to maintain the airplane in a level attitude, slipped
into the wind and decreased his lateral ground speed to

a value of approximately 2 feet per second. For.these
two airplanes, and also for a few other airplanes equipped
to record gide loads but not purposely landed with side
drift, the lateral forces encountered were small and well
below present design values,

The determination of design conditions for a silde-
drift landing, or the determination of design side loads
themselves, appears t0 be a difficult problem. The proc-
ess of equipping an airplane to record side forces and
then attempting landings until. a design limit force 1is
decided updn is too hazardous and uncertain to be Teasi-
ble. Furthermore, the design limit force so.established
would be of minor value unless it could be coFrelated
with lateral velocity and mirplane direction. In fact,
lateral velocity and airplane direction, which establish
the side-drift landing conditions, are probably more im-
portant than the force becauss, if the conditlons cah be
set, the forces may be determined more safely in a ladb-
oratory. The lateral velocity could be determined by
proper use of phototheodolitss, or by photographing the
ground from a ¢amera fixed beneath the airplane, butb both
methods have operational difficulties, and flight inves-
tigations become hazardous as the lateral velocity in-
ecreases. It is quite possible that a reasonable limit ~
for lateral velooity could be based upon present expe-
rience without further tests.

LARDING-GEAR LOADS MEASURZED DURING THE TESTS

Vertical loads, main and nose wheels.- The ratio of
the maximum vertical impact force on the landing gear re-
corded. for each of the ailrplanes tested to the weight of
the airplane as flown has been plotted against the verti-
cal velocity at contact in figure 2(a). (Symbols used on
the figures in this paper are defined in the appendix,)
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Considerable scattering of the data is to be expected
because, as has been previously mentioned, the maximunm
load resulting from a landing at a given vertical velocity
is determined by the characteristics of the shock~absord-
ing system employed. This effect was evaluated roughly
by a comparison of the landing~gea? vertical load factors
developed by the different ailrplanes for an assumed ver-
tical velocity of 6 feet per second, The locad factors
were taken from the load-~factor~vertical~velocity curves
that were plotted for each alrplane, and this approximate
"stiffress" relationship is given in table III, The in-
dividual airplanes of classes I and III conform to a fair
degree with the other airplanes in their classes, but the
airplanses of class II apparently have landing-gear systenms
differing considerably in stiffness, Airplane 20, having
a load factor of 1, may be taken as a basis for comparison,

The data plotted in figure 2(a) and the information
available in the pilots!.and obsarvers' notes indlcate
that a vertical load factor of 4 -for the landing-gear main
wheels . may be termed a sévere landing, and that a vertical
load factor of 1 for the main wheels may be termed normal
for conventional landings with the airplanes tested. Be-
cause the 1ift of the ailrplana at the instant of ground
contact was approximately 0,8 of the agirplane weight, the
total vertical load factor for a conventional landing with
the alrplanes tested was about 2, The fact that none of
the large airplanes experienced a ldarnding—gear load fac-
tor greater than 2 ie to be expected because lower verti-
cal velocities are frequent with these large airplanes.’
The largest landing-gear lopd factor for & blind landing
was attained with.airplane. 19, but the value of 1,93,
shown in figure 2(&) was undOubtedly exceeded during the
tests because the vertical velocity for the landing shown
in figure 2(a) was about 8 feet per second while the maxi-
mum vertical velocity recorded for airplane 19 in a blind
landlng was 13 feet per aecord (fig. 1).

The maximum vertical nOse~whee1 load encountered in
e three-point landing was gregter than the maximum nose
load produced by main-wheel impact followed by pitching
forward upon the nose unit. Too few data were availabdle,
however, to indicate whether the type of loading in 8
three-point landing is more serious than a ‘¢ondition of
nose~wheel-first impact. It.appears that the possibility
of @ nose-wheel~first blind landing should be codnsidered.
In figure 2(a), the load factor of 1,06 for the nose
wheel of airplane 16 was the result of a three—point land-
ing combined with high negative pitching velocity.

LY
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Comparison of figures 1 and 2(a) shows that the maxi-
mum vertical load did not always occur in the landing of
the greatest vertical velocity. An incomplete explana-
tion of this fact is the effeet of lateral attitude upon
the force developed. A survey of the test data indicated
that, for a given vertical velocity at contact, the normal
acceleration recorded at the center of gravity of the ailr-
Plane increased as the time intervel Between ground con-—
tact 0f the two main wheels decreased, reaching a maximum
under the condition of simultaneous contact of the wheels.,

In order %o investigate the distribution between the
two wheels of-the total vertical force developed in g def-
inite one-whesel landing, control-~position recorders were
Placed upon each landing strut of alrplané 14 and time
histories of the vertical motion of the wheels relative
to the fuselage were obtained, Several one-wheel landings,
during which the force on this wheel reached a maximum and
‘started to decreass before the other wheel made contact,
vere recorded. L&n attempt was made to compare the verti-
cal forces resulting from these definite one~wheel impacts
" with those resulting from exact two-point impacts. ~The
comparison indicated that the single~wheel forces devel~
oped were approximately two-thirds as great as the sum of
the forces developed on both wheels under thp condition
of simultaneous contact. This result does ndét agree with
the conventional assumption that the single-wheel force
in a2 one~wheel landing i1s half of the total force in a
laterally level landing of equal vertical velocity., 4An
explanation may be based in part upon the existerde TF .
considerable rolling velocity at the instant of contact
in a majority of the one-wheel landings. The difficulty
of securing symmetrical two-point landings and definite
one-wheel landings limited the aVailable data for these
tynes.

Horizontal loads, main and nose wheels.— The rgfio
0f the maximum rearward force on the landing gear recorded
for each airplane during a landing impact to the weight of
the airplane as flown has been plotted against vertiéal
velocity at contact in figure 2(b), The scattering of the
points is pronounced, as might be expected, because in
such & plot many fsactors involved in determining the Féar-
ward ground reaction are neglected.

Althougﬁ'the maximum vertical and the maximum rear-
ward forces frequently ococurred together, the number of
landings for which this type of loading 4id not occur
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indicated that the assumption of simultaneously occurring
maximums for all designs would impose an unnecessarily
gevere loading consideration on some airplanes. Some un-
derstanding of the development of the friction force be-
tween the tireg and the ground, and especiglly the rela-
tionship between this friction force and the vertical
force, was considered desirable., The following analysis
is an attempt to provide that understanding,

In order to discuss more clearly the relatlon that
exists between the normal and the horizontal decelerating
forces during the first impact, attention ls directed to
a time history of these forces (fig, 8). TFor practically
all of the landings, the increase in the forces during
the time interval Aty was approximately uniform, as

shown by straight lines AB and DE. The date are not suf-
ficiently conclusive, however, to insure that the fric-
tion coefficient is exactly oconstant. (Data in reference
1 indicate that the coefficient of friction is almost in-
dependent of slippage until this slippage is,reduced be-
low 10 percent, whereupon the coefficlent rapidly ap-
proaches zero.) Apparently the wheels rotate and slide
during the period - Atx,' but at E the wheel peripheries

reach, a velocity equal to more than 90 percéent of the air-
plane ground speed, after which the decelerating force be-
comes practically negligibvle,

If it is assumed that the vertical load increases
uniformly over the period At, and that the coefficient

of friction remains constant until the peripheral veloc-
ity of the wheel reaches the ground speed of the airplane
(at which time it drops to approximately zero), the value
of the maximum decelerating Torce for any one wheel may
be found from the relation . -

2I., V. ¥
1 “"w 'h K Vmax _ .
Py = = X _ (1)
. ‘max Te z : .

where

Fh maximum rearward horx izontal force that acts on
Dax whesl, pounds

re effective rolling radius of wheel under impact

loading, feet
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s moment of inertia of wheel, slug-feet square
Vh ground speed of alrplane at time of contact feet
per second .
T meximum vertical force on wheel, pounds
Vmax i .
18 coefficient ©of friection -
At time interval elapsing between flrgt ground

contact of wheel and attainment of maximum
verticecal force on wheel, seconds -

It was decided to check the validity of equation (1)
after a blind landing with airplane 19 had resulted in g
rearward ground reaction exceeding the weight of the alr-
plane. Consequently, the moment of inertia of one GF¥ fthe’
wheels of airplane 19 was measured by raising the wheel
and attaching a cord to the tire tread, wrapping the cord

several times around the wheel, and using a falling weight_

t0 unwrap the cord and thus rotate the wheel., The moment
of inertia so determined was 12 slug~feet square. The
actual weight of the wheel was found t0 be 276 pounds.

The values of vaai' Vn, and At, were obtained from

records of the landing in question, and the quantities
ro, and W were assumed. Subsebitution of these values

in equation (1) resulted in a maximum rearward horizontal
force slightly greater than the weight . of the airplane.
These calculations, therefore, confirmed the measured
value of the rearward ground reaction and proved the fun-~
damental soundness of equation (1), -

A further indication that the decelerating force in
e landing ie strongly affected by wheel rotation is the
fact that this force ig almost negligible during ssecond
impacts, for which the wheels are alresady 'up to spéed."
The uge of devices t0 cause wheel rotation prior %o
ground contact would undoubtedly reduce the decelerating
force considerably, thereby alleviating the serious prob-
lem of tire maintenance,

The value of the ¢oefficient of friction w variled
during the teats from 0,2 to 1, 0, the maximum value being
recorded for landings on dry cOJcrete. Although it is
possible that the brakes may have been applied prior to
contact in a few cases, such application was not inten-
tional because in a so-called braked landing the pilot
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normally withholds application of the brakes pending the
results of the initial shock. The calculated values of
the coefficient of frigtion for various landings indicated
that the magnitude of this coefficlent was mainly a funo-
tion of the character of the landing surface and was af-
fected only slightly, if at all, by the degree of wheel
rotatlon existing, provided that some sliding was still
present. The seriousness of a landing made with brakes
set prior to ground contact lies not in the magnitude of
the friction coefficient to be expected (because coeffi-
cients Jjust as large can be the result of wheel inertia

in unbraked landinge) but in the presence of a large fric-
tion coefficient at the time of maximum vertical force.

Tatl loads.~ The vertical force acting upon the tail
wheel or skid could be calculated only for those airplanes
whose moments of inertis about the lateral axis were known,
This requirement confines the data on tail load to five
airplanes, all falling in class II, Of these, three ex-
perienced a vertical tail load factor of approximately
0.3, one a factor of 0,6, and one a factor of 1.0, The
rearward forces upon the tail wheel were not measured dbut
were assumed equal t¢0 the product of the corresponding
vertical force and the coefficient of rolling friction.
For swiveling tail wheels the lateral ground reaction may
reasonably be agsumed negligible,

Lateral loads.- The instrument instmllation in the

majority of the airplanes tested did not provide for the
measurement of-accelerations parallel to the lateral axis.
This fact, together with the previously mentioned diffi-
culty of Obtaining landings with appreciable lateral ’
ground speed, limited the data avallable. The maximum
landing~gear lateral load’ factor experienced in the firsast
impact occurred in a one~wheel landing with airplane 1

and reached a value equal to one-~half the airplane welght.
For the rést of the alrplanes investigated (all below
7000 1b in welght), the maximum landing-gear lateral
forces, which average approximately one-third the airplane
welght, occurred while taxying.

Ag the lateral loads encountered in taxyling were
greater than any observed during a landing, the possibil-
ity that taxying may determine the design side load should
be considered, espescially where ground  looping may be en-
countered. From digscussions with pilots and observations
of many landings, it appears that the present design
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lateral loads are sufficient for the vast majority of "
landings and that almost all cases of landing-gear fall-
ure due to side loading are caused by ground looping.
Whether or not an airplane should be designed to with-
stand a ground loop and what magnitude of ground loop
should be considered the désign case are questions re-
guiring an answer, if the possibility of basing deslgn
side loads on thls condition is to be considered.

Taxying.- The vertical forces on - the landlng gear

during taxying were recorded for 13 of the 21 airplanes
tested. The maximum landing-gear vertical load factors
for taxying and for landing impscts are compared in fig~
ure 4, -Logarithmic paper was used for the plot because
of the large variation in airplane weight, For alrplanes
of class I the taxying loads were of the same order of
magnitude as the landing impact loads. For class IT the
impact loads were, with a single exceptlon, appreciably
greater than the taxying loade. For class III the taxy-
ing loads were greater than the impact loads for normal
landingeg, and taxying thus becomes a factor of conSider—
able 1mportance for ordinary oparation of airplanes of
class IIL.

Because the taxying load is similar to the landing
impact load in its dependence upon the shock—-absorbing
characteristics of the landing gear, the desirability of
establishing some design condition that can be applied’
to each airplane to represent application of the 1limit
taxying load is evident. The acceleration produced by
application of the test condition would then be investi-
gated to see if it were an importent design consideration,
One suggested procedure is the determination of an M"equiv-
alent" vertical velocity that would represent, in a drop
test, the imposition of the limit taxying load. The
taxying operation of the landing-gear system would have
t0 be considered in such a test. A simpler solution %o
the problem might be to use the taxying forces to be ex-
pected as a minimum limit for design, and a study of fig-
ure 4 would suggest a load factor of 2 for all three air-
Plane classes. -

A description of the comdition of the surface of
the field used in the %axying runs would be more or less
relative, but no attempts were made 0 roll over un-
usually rough ground. The maximum rearward loads oceur-
ring during ground runs varied from 10 to 70 percent of

the welght of the airplane, but in no case did these loads

1
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exceed the maximum values obitained in landing impacts.
The lateral forces that occurred during taxylng have al-
ready been discussed.

CONCLUSIONS

1, A vertical velocity of 2 or 3 feet per second
and a landing~gear vertical load faector of 1 may be con-
gsidered as normal for conventional landings with any of
the airplanes teasted,

2. In conventional landings-the maximum vertical
velocity at contact ranged from 10 feet per second for
the lighter airplanes to 5 feet per second for the heav-
ier airplanes; the maximum vertical load factor imposed
on the landing gear ranged from 4 for the lighter alr-
planes to 1 for the heavier airplanss.

3, In bPlind landings vertical velocities as high
as 13 feet per second were. obtained, With two of the
heaviest airplanes landing-gear vertical load factors of
about 2 were experienced in the blind landings.

4, In the design of the landing gear the shock-
absorbing equipment and ite supporting structure should
be considered as a unit to be subjected to specified
landing conditions, This procedure is preferable to the
conventional method of designing the structure for a
specified load factor, '

Langley Memorial Aercnsgutical Laborétory,
National Advigsory Committee for Aeronautics,
Langley Field, Va., April 15, 1942.
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APPENDIX
CALCULATION OF GROUND REACTIONS

Symbols

’

The significance of the symbols uged in the calcu-
lation of the ground reactions is as follows:

w weight of airplane as flown
ag component of recorded acceleratlion at center
€ ' of gravity that is perpendicular to ground
(positive upward)
8y component of recorded acceleration gt center
& 6f gravity that is parallel to ground (posi-
tive rearward) :
a. resultant acceleration [(%xga + azg3>%J

Zero subscripts are esmployed to indicate the ac-
celerations at the instant of the first ground contact.

to instant of first ground contact

Aty time interval elapsing between first ground con-
tact and attainment of maximum vertical ac-~
celeration (also referred to as "equivalent
quarter-period" of impact)

At , time interval elapsing between first ground con-
tact and sttainment of maximum horizontal ac~
celeration

¥, total vertical component of ground reaction

g . -during interval A%, (positive upward)
¥y total rearward component of ground reaction
& during interval &4%t, (positive rearward)
va, Ftgs and Fp_ vertical forces on main wheels,

tail wheel, and nose wheel, respectively
(positive upward). Note that va is sum,

of' main-wheel forces
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Fupr Ttyr o end  Fr horizontal forces on main wheels,

tall wheel, and nose wheel, respectively
(positive rearward)

Xy, Xp, and xg horizontal distance from center of

gravity to main wheels, nose wheel, and tall
wheel, respectively .

z distance of centér of gravity above ground

dq/at pltching acceleration, positive for nose up

dp/dt rolling acceleration, positive for right wing
down

Iy moiz?Z of inertia pf alrplane about 1ts lateral

The application of the symbols relating to linear
acceleration is 1llustrated in figure 3, which shows
typlcal time histories of the vertical and horizontal ac~
celerations experienced in the first and second landing
lmpacts of & severe unbraked landing of a large Army
bomber, '

Derivation of Equations

In the reduction of the instrument data, certain as-
sunmptlions were necessary for the calculation of the ground
reactions occurring during the principal landing lmpacts,
In all cases 1t was assumed that the airplane reacted as
a rigid body and that the accelerations recorded dy an
instrument mounted at the cénter of gravity were those of
the structure as a whole, The validity of this assumption
1s conditioned to some extent by the experience of the od-~
server and his Jjudgment in the interpretation of the in-
strument records. The structural rigidity of the airplanes
tested was such that a eatisfactory interpretation of the
records wae possible in all but a few of the tests. It
was also assumed that the aserodynamic forces on the air-
Plene do not change appreciably during the small time
interval elapsing between the occurrence of the first
ground contact and the attainment of the maximum vertical
acceleration, .

On the basis of this last assumption, for all impacts:
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k=t
!

(azg - azgo)W (2)

- ay V¥ (2a)
g g go

e
M
1
™
)
M

In a one-point impact (tall-first landing, nose-
first landing, or single main-wheel landing)

or ¥, =T, (3)
or F = F_ ° (3a)

For the purposes of this report, landing impacts are
clasged as one-point if the vertical force on the single
wheel or skid involved reaches a maximum value before any
other point of the airplane touches the ground, In the
cagse of a landing with simultaneous ground contact 0T the
mein wheels, the vertical and horizontal loads as given
by equations (3) and (3a) must be divided equally between
the two wheels. For landings falling between one point
and simultaneous impact of the main wheels, equations (3)
and (3a) will give the totals of the horizontal and ver-
tical forces acting without any indication of their dis-
tribution, For these nonsymmetrical main-wheel landings,
the distribution of the forces between the two wheels may
be found if the angular rolling acceleration and the mo-
ment of inertia of the airplane about the X axis are
known. In the present investigation, angular rolling
velocities were measured in only a few cases, and there-
fore very few data are presented concerning the distribu-
tion of forces in such landings., '

In three-point impacts, only the sums of the forces
on the three wheels may be found unless the moments of
inertia of the airplane are known, If the moment of
inertia in pitch is known, the equation for conventional
landing gear may be written:
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T, x, + P_ 2 + f_'da | -

Z t X y

F = g g . d.t (4) ]
X + X.b i

w

In this equation it is assumed that the rotational
moment of inertia of the tail wheel is so small that the
horizontal component of the tail-wheel load is negligible.
The vertiocal force on the tail 1s giren by

Fy = Fp = Fy ' (5)

dq

F - F - I, ==
. _ g Xn ;572 v dt (6)

w
v X, * x4
¥, = F, =~ F ' 7
ay = Tz, .- Tu, | (7)
It has been suggested that one critical type of .

‘loading of the nose wheel of an airplane equipped with
tricycle landing gear occurs in a nose-high, fully braked
landing, in which high rotational velocities are built up 4
about the main wheelsg., If it is assumed, in a manner

similar to that already explained in connection with main-

wheel impacts, that the aserodynamic and main-wheel forces

on the airplane do not change appreciadbly during the time

interval between nose-~wheel contact and attainment of max-

imum force on this wheel, it follows that the changes 1n

the vertical, the horizontal, and the angular pitching ’
accelerations are caused by the nose-wheel loads; and 1%t

1s possible, by equating the moments about the main

wheels, to write for the vertical force on the nose wheel

+ AF. 'z + I. A%Q

e . e © 7ty Oy

F_o= . (8) :
v ’ Xp * Xy ' i

The calculatlion of the distribution of the horilzon-
tal force in three-point impacts with tricycle landing .
gear is complicated by the fact that the rotational !
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moment of inertia of the nose wheel is considerable and,
ir fact, for some designs is equal to that of the rear
wheels, ZExperience has shown that lerge horizontal forces
are developed during the initial impaet in unbraked land-
ings 1n bringing the peripheral velocity of the wheels up
to the ground speed of the airplane, since the wheels con-
tinue to slide until this speed is attained. Airplane 6
was equipped with tricycle landing gear having three
wheels of equal size, and in this case the horizontal
forces on the main-wheel and nose-wheel unites were calcu-
lated by assuming the distribution of the horizontal
forces to be in the seme ratio as that of the vertical
forces,

Hecords of the taxying loads experienced at low speed
o¥er rough ground were secured for a number of airplanes,
In such cases the aerodynamic lift was estimated and sthe
alr-load factor subtracted from the vertical accelerabtion
to obtain the vertical ground reaction.
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TABLE III.-~ APPROXIMATE RELATIVE STIFFNESS OF

SHOCK-ABSORBING SYSTEMS OF

AIRPLANES TESTED

23

Vertical laﬁding—gear

Number
in text . Airplane load factor for verti-
cal velocity of 6 ft/sec
1 -Piper Cub J3L~50 2.0
2 Tayloreraft BC-65 2.5
3 Aeronca 65-C 2.0
4 Bellanca 14-9 2.2
5 Stinson 105 2.3
6 Hammond ¥Y-1 1.3
7 Boeing P-264A 2.6
8 Boeing YP-38A 3.0
9 North American BT-9A 2.1
10 Curtiss XF130-3 1.6
11 Consolidated PB-2 2.7
12 Chance-Vought XSB3U-1 l.1
13 Curtiss P-364A 1.5
14 Chance-Vought S$SB2U-2 1.9
15 Northrop A-17A 2.2
16 Douglas Dolphin CA-4A 1.9
17 Lockheed 14-H -
18 Douglas DC-3 -—-
19 Douglas B-18 1.2
20 Boeing B-17 1.0
21 1.3

Boeing B~15




¥ACA Technical Note Ho. 863 ' Figs. 1,3

/9
12 20
1ol 2
/7 . .
0 o Conventional /arndin
§ Sl o of \\ 3 BInd Tamdg 7
Y ['ea ~N
'4:6 09
N
g
3 ol o6
8 -4 I~
N I~
Se 517 19
-g 02 o/5 /8 \\
- \
ot ] C
E /3 po.
<A
§ °/2 2!
2 T
o 5 70 75 Z6 25 30 35 %5 Sxia

Airplaone weight as flowr, b
Figure 1.- Maximum vertical veloclties experienced by sirplanes during landing tests.

A - 14
E\ o & s
N
N
33 & 10
9 37 °g
e
’ "t (a) Vertiocal
g > g é 5 d /9 ’ (b) Rearward
x -
3 ZHEE ol T o v
3] T gear load factors
L /53 4 o/9 recorded during
+/6 landing teats
% / - with 21 alrplanes.
® ARG
g 020
B 17 (2)
E 0
= 2
g8 o
N} o s
$. /0 4 °a/6 5
LS - 7]
x{ o/3| 03 B g )
g 2 el
y ° o Main wheels
g's %2, 5 27 20 + Nose wheel-
E / ZL 06 °202/ B /8 °/g x Blind landing
n Q
E /2 T// (b) ) .
0 2 4 & P /0 72

Vertical velocity af corntact ffpersec



+ NACA Technical MNote No. 863 . Figs. 3,4

2

*
(2]

I (e

9'\)
]
|

o
s { \ & VAN
- '
g
$ i LN e R i Gz /
vy A O e el ' 84 2
3 el T i S S e j \
N ALY &= —
9 / —F 5:#
.g :!:?lg azg [+
3 ‘ I |75 4 ] =~

= o

Q
O
—
[
]
1
1
1
‘ |
s ™

st impact Airplone air) bormge - Second impact]

| b
—FD
e

o ' 4 .8 L2 145 2.0 2.4 2.8 3.2
Time, sec .

Figure 3.~ Linear acceleration experienced in a typical landing.

P 3

» 4

% o// I

i o Conventional landing

: + Blind londing

‘6 P X Toxying

0 °

LE 2

% o7 | 8

3 %

S

3 4 <7 X /5

T 2 . 02 x] S | /7

$ | 7 ¢ y *E9 21

L 7t

3 2| s | 17 x20
~ é. 7/

z /2 | 2
. E °/7 °ol20

2% 2 3 4 5 8 /0 20 30 40%/03

Airplane weigh# as flowrl, /b

Pigure 4.- Comparison of maximum vertical forces due to landing impact and taxying
for 13 airplanes.



